ABSTRACT Studies of X chromosome evolution in various organisms have indicated that sex-biased genes are nonrandomly distributed between the X and autosomes. Here, to extend these studies to nematodes, we annotated and analyzed X chromosome gene content in four Caenorhabditis species and in Pristionchus pacificus. Our gene expression analyses comparing young adult male and female mRNAseq data indicate that, in general, nematode X chromosomes are enriched for genes with high female-biased expression and depleted of genes with high male-biased expression. Genes with low sex-biased expression do not show the same trend of X chromosome enrichment and depletion. Combined with the observation that highly sex-biased genes are primarily expressed in the gonad, differential distribution of sex-biased genes reflects differences in evolutionary pressures linked to tissue-specific regulation of X chromosome transcription. Our data also indicate that X dosage imbalance between males (XO) and females (XX) is influential in shaping both expression and gene content of the X chromosome. Predicted upregulation of the single male X to match autosomal transcription (Ohno's hypothesis) is supported by our observation that overall transcript levels from the X and autosomes are similar for highly expressed genes. However, comparison of differentially located one-to-one orthologs between C. elegans and P. pacificus indicates lower expression of X-linked orthologs, arguing against X upregulation. These contradicting observations may be reconciled if X upregulation is not a global mechanism but instead acts locally on a subset of tissues and X-linked genes that are dosage sensitive.
I
N an XY sex-determination system, male and female genomes are identical with the exception of the male-specific Y chromosome, which bears few genes (Charlesworth et al. 2005) . This is particularly true when the Y chromosome is thought to be completely lost, as is the case for C. elegans and many other nematodes (Walton 1940) . Because gene content is the same, phenotypic differences between males and females, termed "sexual dimorphisms," must be caused by differential gene expression between the two sexes (Connallon and Knowles 2005; Ellegren and Parsch 2007) . Throughout the article, such differentially expressed genes are referred to as "sex biased."
As males and females have different fitness optima, a trait that is beneficial to one sex can be harmful to the other (termed sexual antagonism) (Rice and Chippindale 2001; Arnqvist 2004; Connallon and Knowles 2005; Ellegren and Parsch 2007; Mank et al. 2008a; Rice 1984) . The evolution of sex-biased gene expression is thought to mediate the effects of sexual antagonism and allow for achievement of sex-specific fitness. Previous studies have indicated that anywhere between 30 and 60% of metazoan genes may be sex biased Parisi et al. 2004; Reinke et al. 2004; Yang et al. 2006; Reinius et al. 2008; Small et al. 2009; Innocenti and Morrow 2010; Assis et al. 2012; Reinius et al. 2012; Thomas et al. 2012) . Genes with sex-biased expression contribute to both somatic and gonadal sexual dimorphisms Parisi et al. 2004; Yang et al. 2006; Mank et al. 2008a; Reinius et al. 2008) .
As the number of X chromosomes differs between males and females, the X plays a large role in the evolution of sexual dimorphisms (Rice 1984; Mank et al. 2008a) . Due to both sex-specific natural selection and the unique life cycle of the X chromosome, it is predicted that sex-biased genes should accumulate on the X (Rice 1984) . Because males are monosomic for the X (they bear only one copy of the X chromosome to two copies of each autosome), recessive alleles that emerge on the X chromosome are immediately visible to male-specific selection. Recessive male-benefitting alleles are predicted to increase in frequency on the X, even if the fitness cost to females is much greater (Rice 1984) . Additionally, because the X spends two-thirds of its evolutionary history in females, dominant female-benefitting alleles are predicted to accumulate on the X chromosome.
Indeed, in many organisms, sex-biased genes are nonrandomly distributed between the X chromosome and the autosomes (Saifi and Chandra 1999; Wang et al. 2001; Lercher et al. 2003; Reinke et al. 2004; Parisi et al. 2003; Ranz et al. 2003; Khil et al. 2004; Divina et al. 2005; Yang et al. 2006; Sturgill et al. 2007; Reinius et al. 2012; Meisel et al. 2012a; Allen et al. 2013) . However, it is not always the case that both male and female-biased genes are enriched on the X. Enrichment of female-biased genes on the X chromosome ("feminization of the X") is observed in mammals, Drosophila, and Caenorhabditis elegans (Parisi et al. 2003; Ranz et al. 2003; Khil et al. 2004; Reinke et al. 2004 ; Reinius et al. 2012; Allen et al. 2013) . The same studies also provide evidence for "demasculinization of the X chromosome," where male-biased genes are largely excluded from the X. The degree to which the Drosophila X chromosome is depleted of male-biased genes is still being studied (Vibranovski et al. 2009a,b; Meiklejohn and Presgraves 2012; Meisel et al. 2012a ). Older male-biased genes are underrepresented on the Drosophila X chromosome, while younger male-biased genes [those emerged after the melanogaster split 3-6 million years ago (Russo et al. 1995) ] are enriched (Zhang et al. 2010) . This suggests that X demasculinization is an evolutionary process (Gao et al. 2014) . While enrichment of female-biased genes on the X is predicted, demasculinization of the X opposes the expectation that malebenefitting genes should accumulate on the X chromosome (Rice 1984) .
One often-cited explanation for the depletion of male-biased genes from the X chromosome is meiotic sex chromosome inactivation (MSCI). In many species, the single unpaired X chromosome is transcriptionally silenced during male meiosis (Fong et al. 2002; Kelly et al. 2002; Turner 2007; Maine 2010) . MSCI begins in early meiosis and persists throughout varying stages of spermatogenesis in different species (Turner 2007) . Thus, genes necessary for spermatogenesis should move off of the X chromosome. Studies in mice and humans have found that male-biased genes expressed in the testes are enriched on the X chromosome (Wang et al. 2001; Lercher et al. 2003) . It has been subsequently suggested that this enrichment may be true only for genes expressed during the earliest stages of spermatogenesis before the onset of MSCI (Khil et al. 2004) . In C. elegans, sperm-enriched genes are depleted from the X chromosome (Reinke et al. 2000 (Reinke et al. , 2004 . Immunofluorescence analyses of various histone modifications in conjunction with microarray expression analyses provide strong evidence for the presence of MSCI in C. elegans (Kelly et al. 2002; Reuben and Lin 2002; Bean et al. 2004; Bessler et al. 2010) . Throughout C. elegans spermatogenesis, histone modifications associated with active transcription are depleted from the X chromosome while those associated with transcriptional repression are enriched (Kelly et al. 2002; Reuben and Lin 2002; Bean et al. 2004; Bessler et al. 2010) .
The C. elegans X chromosome is also repressed in the hermaphrodite germline (Reinke et al. 2000; Kelly et al. 2002; Reinke et al. 2004; Bender et al. 2006; Maine 2010) . Germline X repression is restricted to early meiotic cells where the X is largely depleted of active chromatin marks, including H3K4me2 (Kelly et al. 2002) . Early germline X silencing appears to be conserved in nematodes, since H3K4me2 is depleted from the X chromosome in each of the Pristionchus pacificus, C. briggsae, and C. remanei germlines (Kelly et al. 2002) . Transcriptional repression of the X in both male and female germlines explains the observation that germlineexpressed genes are underrepresented on the X chromosome in C. elegans (Reinke et al. 2000 (Reinke et al. , 2004 Wang et al. 2009; Tabuchi et al. 2011; Gaydos et al. 2012) .
Constraints on X chromosome dosage compensation have been cited as another potential explanation for the depletion of male-biased genes from the X chromosome (Bachtrog et al. 2010) . Dosage compensation equalizes X chromosome transcript levels between XX females and single X males. Although strategies differ, dosage-compensation mechanisms have been found in mammals, Drosophila, and C. elegans (Meyer 2010; Conrad and Akhtar 2012; Disteche 2012; Ferrari et al. 2014) . Mammalian females inactivate most of the genes on one of their two X chromosomes to match transcriptional output from the single male X (Pollex and Heard 2012; Dupont and Gribnau 2013) . In C. elegans, the dosage-compensation complex (DCC) binds to both of the hermaphrodite X chromosomes and represses transcription of each by one-half (Csankovszki 2009; Ercan and Lieb 2009; Meyer 2010) . The Drosophila dosage compensation machinery binds to the single X chromosome in males and increases transcription twofold (Gelbart and Kuroda 2009) . In Drosophila, it has been hypothesized that functional or mechanistic constraints on the X could limit the upregulation of already transcriptionally upregulated genes in males, thus preventing them from becoming male biased (Bachtrog et al. 2010) . However, the mechanism of such a constraint remains unclear.
Susumu Ohno hypothesized that, during evolution of sex chromosomes, transcription from the X was upregulated to compensate for the degeneration of the Y (Ohno 1967; Adler et al. 1997; Gupta et al. 2006; Nguyen and Disteche 2006; Lin et al. 2007; Deng et al. 2011; Gribnau and Grootegoed 2012) . Ohno further hypothesized that X upregulation was not specific to males but also occurred in XX females, resulting in overexpression of the female X above autosomal levels. He predicted that dosage compensation in XX females (i.e., the downregulation of X transcription in mammals) evolved to counter X upregulation. Supporting Ohno's hypothesis, microarray and mRNA-seq data from mouse, Drosophila, and C. elegans have indicated that overall transcript levels are similar between the X chromosome and the autosomes in both males (X:AA) and females (XX:AA). Further, hermaphrodite X chromosome transcription increases to above autosomal levels when the DCC is mutated in C. elegans embryos (Kruesi et al. 2013) .
To test Ohno's hypothesis more directly, attempts have been made to define those genes present on the autosomal progenitor of the X chromosome using species from major mammalian and bird lineages (Julien et al. 2012; Lin et al. 2012) . If the X chromosome is upregulated, transcriptional output from the present-day X and its autosomal progenitor should be similar. These studies found transcription from the current eutherian (the mammalian clade that includes humans and other placental mammals) X chromosome to be significantly lower compared to its autosomal progenitor (Julien et al. 2012; Lin et al. 2012) . However, X and autosomal progenitor expression levels were similar when analyses were limited to highly expressed genes and those encoding for proteins involved in large (more than seven subunits) complexes (Julien et al. 2012; Lin et al. 2012) . This result suggests that X upregulation is restricted to dosage-sensitive genes.
Much of the comparative work regarding evolution of sex-biased gene expression and the X chromosome has been performed in Drosophila and mammals (Wang et al. 2001; Lercher et al. 2003; Parisi et al. 2003; Khil et al. 2004; Parisi et al. 2004; Yang et al. 2006; Sturgill et al. 2007; Vicoso and Charlesworth 2009; Ellegren 2011; Meisel et al. 2012a; Allen et al. 2013; Parsch and Ellegren 2013) . Here, to expand our understanding of X evolution, we compared X-linked gene expression in five nematode species that include both gonochoristic (outcrossing) and hermaphroditic mating systems ( Figure 1A ). Hermaphroditism has arisen independently in several nematode species (Kiontke et al. 2011) , a process that strongly influences evolution of the genome. The gonochoristic Caenorhabditis species that we analyzed have larger genomes and greater magnitude of sex-biased expression compared to the hermaphroditic species (Thomas et al. 2012) .
For those species without a genetic map, we first assigned genes to the X chromosome using high-throughput sequencing of DNA isolated from XO males and XX females/hermaphrodites. Subsequently, we used mRNA-seq to analyze sex-biased gene expression in young adult males and females/hermaphrodites. Overall, we found that the genomic distribution of the sexbiased genes is conserved at varying degrees between C. elegans and the other four nematode species. Generally, those genes with high male-biased expression are underrepresented on the X chromosome. Genes with high female-biased expression are enriched on the X. To test Ohno's hypothesis, we compared expression of orthologous genes that are differentially located between C. elegans and P. pacificus. Transcription is higher from the autosomal-linked orthologs, suggesting that there is no upregulation of these genes on the X chromosome. However, in all nematode species analyzed here, the level of transcription from the single X chromosome is similar compared to the autosomes, supporting X upregulation. These contradicting observations can be reconciled if the mechanism of X upregulation does not act chromosome-wide but specifically regulates dosage-sensitive genes.
Materials and Methods
Worm strains and growth C. elegans (N2), C. brenneri (PB2801), C. briggsae (AF16), C. remanei (PB4641), and P. pacificus (PS312) strains were maintained at 20°on NGM agar plates using standard C. elegans growth methods.
DNAseq
One female and two or more male replicates were collected per species (summarized in Supporting Information, Table  S1 ). At least 50 young adult worms were hand picked per replicate. Worms were washed by settling three to five times with 1 ml of M9, starved overnight to eliminate gut bacterial contamination, and resuspended in 100 ml TE. A total of 400 ml of lysis buffer (0.1 M Tris-HCl; 0.1 M NaCl; 50 mM EDTA; 1.25% SDS) was added and worms were sonicated for 30 min using the Bioruptor at high setting, 30 sec on/off. Sonicated DNA was isolated and cleaned up using Qiagen MinElute kit. Illumina DNA sequencing libraries between 250 and 500 bp were prepared from the purified DNA using Illumina TruSeq DNA kit with the following modifications. Briefly, after end repair and A tailing, adapters were ligated and the resulting DNA was purified using AmpureXP beads. Ligated DNA was amplified by PCR and DNA library between 300 and 500 bp was gel purified. Fifty base pair paired-end or single-end sequencing (see Table S1 ) was performed using Illumina HiSeq-2000. The raw data can be found at Gene Expression Omnibus (GEO) under series number GSE53144. For paired-end data, quality scores of the reverse reads were much lower than those of the forward reads. As such, only forward reads were used for analysis.
Copy-number approach: X and autosomal gene assignments For each species, forward reads were aligned to WS228 with Bowtie version 0.12.7 (Langmead et al. 2009 ). We supplied the parameter (m = 4) to suppress all alignments with more than four hits in the genome. The resulting alignment files (in BAM format, a binary file type containing sequence alignment data) were converted to SAM format (tab-delimited text version of a BAM file) using SAMtools v. 0.1.18 (Li et al. 2009 ). The SAM files were sorted and used to generate bedgraph files (BEDTools v. 2.15.0) (Quinlan and Hall 2010) . For each species, the contigs were split into 5-kb windows and the bedgraph file was used to calculate the sequencing coverage for each window. The male-to-female coverage ratio was computed for each window by taking the log 2 of male coverage divided by female coverage. Baseline was set as the mean male-to-female coverage ratio. Windows whose log 2 ratio fell one standard deviation below the mean were initially assigned to the X chromosome. If the majority of 5-kb windows contained within a contig were assigned to the X, then the contig was assigned to the X. If there was no majority, or if the contig was ,15 kb, we could not assign the contig. Assignments were given confidence scores ranging from 0 to 2 based on both length of sequencing contig and agreement of assignment between replicates. One point was given to those contigs with lengths .50 kb. A second point was given if the final contig assignment obtained by combining all replicates matched the assignment obtained when the replicates were analyzed separately. The gene assignments and confidence scores are given in Table S2 .
mRNA-seq C. elegans (N2) and P. pacificus (PS312) worms were synchronized by bleaching gravid adults and allowing worms to hatch overnight. Larval worms were plated and grown at 20°. At least 750 young adult worms were hand picked for each of three biological replicates. Worms were washed three to five times in M9. Ten volumes of Trizol (Invitrogen) Figure 1 Copy-number analysis allows for assignment of sequencing contigs to either the X or autosomes. (A) Phylogeny showing the evolutionary relationship of the five nematode species (Kiontke et al. 2004 (Kiontke et al. , 2011 . Pristionchus pacificus is estimated to have split from Caenorhabditis 300 million years ago (Dieterich et al. 2006) . C. briggsae, C. elegans, and P. pacificus are androgynous. C. brenneri and C. remanei are gonochoristic. Estimates of C. elegans and C. briggsae divergence times range between 40 and 80 million years. (B) Overview of the copy-number approach. DNA-seq data were generated from males (AA;XO) and females (AA;XX). Contigs were broken into 5-kb windows and male-to-female coverage ratio was evaluated for each window. (C) Plotting male-to-female coverage ratio shows clear difference between X and autosomal contigs. The log 2 male-to-female coverage ratio is plotted for C. briggsae. Each point represents one 5-kb window. X chromosome (purple) and autosomal (gray) contigs are plotted along the x-axis. Contigs that could not be assigned unambiguously are plotted in black. (D) Overlap of C. briggsae copy-number assignment with WormBase assignment indicates high accuracy. (E) Overlap of P. pacificus copy-number assignment with previously reported SSCP markers (Srinivasan et al. 2002; Dieterich et al. 2006) indicates high accuracy. Chromosomal assignments by SSCP are indicated below each bar. Bars are colored to indicate copy-number assignment. Numbers above each bar indicate agreement. (F) Copy-number analysis allows for identification of a split contig in P. pacificus. The male-to-female coverage ratio of the left and right half of P. pacificus contig 10 are assigned to the X and autosome, respectively. (G) Ratio of X to autosomal gene content is roughly unchanged across species. The number of assigned genes in each category (X, purple; autosomal, gray; unassigned, green) is indicated. For each of the five species, 10-14% of coding genes are assigned to the X chromosome.
was added. Samples were freeze-cracked five times and RNA purification was performed according to the manufacturer protocol. Isolated RNA was cleaned up using the Qiagen RNeasy kit. mRNA was purified using Sera-Mag oligo(dT) beads (ThermoScientific) from at least 1 mg of total RNA. Stranded mRNA-seq libraries were prepared based on incorporation of dUTPs during cDNA synthesis using a previously described protocol (Parkhomchuk et al. 2009 ). Single-end 50-bp sequencing was performed using the Illumina HiSeq-2000. Data for C. elegans (fog-2), C. brenneri, C. briggsae (she-1), and C. remanei were downloaded from GEO (accession no. GSE41367). Reads were aligned to genome version WS228 with tophat v. 2.0.0 (Trapnell et al. 2012) . Default parameters allow up to 20 hits for each read. Read numbers and mapping percentages (which refer to the percentage of unique reads with at least one alignment) can be found in Table S1 . Gene expression was estimated using Cufflinks v. 2.0.2 with default parameters and supplying gene annotations for WS228. Average male and female expression (FPKM, fragments per kilobase per million mapped reads) was determined (Table S6 ). The raw read data and the average Cufflinks FPKM data can be obtained from GEO accession no. GSE53144. Differential expression analysis between males and females was performed using the R package DESeq (Anders and Huber 2010; R Development Core Team 2012). These results are available in Table S6 .
Defining sex-biased gene expression
To define sex bias, we first identified those genes that were differentially expressed between the two sexes (DESeq qvalue , 0.05). Genes with FPKM .1 in at least one sex were considered "expressed" and used for subsequent analyses. We categorized "sex-biased" genes as those having FPKM .1 in one sex and FPKM .0 in the other. For each sex-biased gene, the magnitude of sex bias was calculated as the log 2 ratio of FPKM values between the two sexes. Those genes that have FPKM .1 in one sex and FPKM = 0 in the other were categorized as "sex-specific" genes. We categorized "nonbiased" genes as those genes not called significant by DESeq (qvalue . 0.05) with FPKM .1 in both sexes and with less than twofold expression difference between the sexes. We categorized genes with high and low sex-biased expression based on a log 2 sexexpression ratio cutoff of 3 (Table S3 ). The cutoff was selected based on a breakpoint in the distribution of sex-biased expression ratios driven largely by the gonadal expression of highly sex-biased genes (discussed further in Results and Discussion).
Results and Discussion
Copy-number approach for gene assignment to the X chromosome
To compare X chromosome gene content and sex-biased gene expression, we focused on five nematode species ( Figure 1A ). Four species are from the Caenorhabditis genus: C. elegans, C. brenneri, C. briggsae, and C. remanei. Determination of nematode divergence times is difficult owing to a lack of fossil records. Previous calculations based on the assumption of a universal molecular clock estimated that C. elegans and C. briggsae diverged 80-110 million years ago (Coghlan and Wolfe 2002; Stein et al. 2003) . More recently, estimates of neutral mutation rates were used to approximate the divergence time between C. elegans and C. briggsae to 40 million years (Cutter 2008) . The fifth species, P. pacificus, is estimated to have diverged 300 million years ago (Dieterich et al. 2006 (Dieterich et al. , 2008 .
Three of the species, C. elegans, C. briggsae, and P. pacificus, are androdioecious and consist of self-fertile hermaphrodites and outcrossing males. The other two species, C. remanei and C. brenneri, are gonochoristic and have true outcrossing males and females. For simplicity, we refer to hermaphrodites as females except where the distinction is necessary. Although all five genomes have been previously sequenced, only the C. elegans and C. briggsae chromosomes are fully assembled. The other genomes remain on sequencing contigs.
To compare X and autosomal expression, we needed first to assign genes to either the X chromosome or the autosomes. To accomplish this task, we used a copy-number approach taking advantage of the fact that the X chromosome is present in one copy in males and two copies in females. The same principle was used recently for assigning genes to the Z chromosome of snakes and trematodes (Vicoso and Bachtrog 2011; Vicoso et al. 2013) . We performed Illumina sequencing of DNA isolated from hand-picked male and female adults from C. remanei, C. brenneri, C. briggsae, and P. pacificus. Table S1 lists the number of reads and genome coverage for each replicate. We split each contig into 5-kb windows and calculated the log 2 ratio of male-to-female read coverage for each window ( Figure 1B ). Figure 1C shows the log 2 ratio of male-to-female read coverage for C. briggsae. A contig was assigned to the X chromosome if the majority of windows had a male-to-female coverage ratio one standard deviation below the mean.
When we compared our C. briggsae gene assignments to the current WormBase assignment [based on a high-density recombination map (Hillier et al. 2007; Koboldt et al. 2010; Ross et al. 2011)] we found that we correctly assigned 236 of 236 contigs to autosomes and 27 of 28 contigs to the X chromosome ( Figure 1D ). The inconsistent contig, cb25. fpc2310b, is assigned to an autosome by our method and to the X chromosome by WormBase. It contains no genes and was previously assigned to chromosome V as part of a larger sequencing contig, cb25.fpc2310. This contig was split into three parts for the current release, two of which are still assigned to chromosome V.
We also compared our P. pacificus contig assignments to a limited linkage map that was generated using a single-strand conformational polymorphism technique (SSCP; Orita et al. 1989) . Recombinant inbred lines from two P. pacificus strains (wild-type P. pacificus var. California and the polymorphic Washington strain) were used to generate the linkage map (Srinivasan et al. 2002; Dieterich et al. 2006) . Our assignment matched all of the X chromosome SSCP markers and all but one autosomal marker ( Figure 1E ). This last marker was unassigned by our copy-number approach because its contig is less than the minimum 15 kb required by our method. Of note, our method also allowed for identification of contigs that may be incorrectly assembled. By our method, the left half of PPA contig10 (WS228) should be assigned to the X chromosome while the right half should be assigned to an autosome ( Figure 1F ).
If we assigned a contig to the X chromosome, then all of its annotated genes were also assigned to the X. We correctly assigned 3758 genes to the C. briggsae X chromosome and 17493 genes to the autosomes ( Figure 1G ). A total of 712 genes were left unassigned because their sequencing contigs were too short to be reliably called by our method. With this copy-number approach, we were able to assign between 90 and 97% of genes to either the X or the autosomes in C. brenneri, C. briggsae, C. remanei, and P. pacificus. A list of our gene assignments can be found in Table S2 .
Gonochoristic nematode species (C. brenneri and C. remanei) have larger genomes than those of hermaphroditic species (C. elegans, C. briggsae, and P. pacificus) in terms of both sequence and gene content (Stein et al. 2003; Barriere et al. 2009; Thomas et al. 2012) . Despite difference in size, all four Caenorhabditis genomes have roughly the same distribution of X and autosomal genes. P. pacificus stands out as having fewer X-linked genes than the other species ( Figure  1G ). This result is consistent with the observation that one arm of P. pacificus chromosome I contains genes orthologous to those located on the C. elegans X, indicative of a major translocation event that occurred after the PristionchusCaenorhabditis split (Srinivasan et al. 2002) .
This type of translocation event is rare within Rhabditina (the phylogenetic clade that contains both Pristionchus and Caenorhabditis). Among the estimated 4000 rearrangement events that have occurred since C. elegans and C. briggsae split, few were interchromosomal (Coghlan and Wolfe 2002; Stein et al. 2003) . Similarly, an 11-gene region on P. pacificus chromosome III has 10/11 orthologs on the C. elegans chromosome III (Lee et al. 2003) . Further, members of Rhabditina have a stable chromosome number of six (Mitreva et al. 2005 ). These observations suggest that for the species analyzed here, the X chromosome descended from a common ancestor. Additionally, there is no apparent pseudoautosomal region on the nematode X chromosome. As the Y chromosome is absent in all five nematode species examined here (Walton 1940) , all X chromosome genes are sex linked.
Determining genes with sex-biased gene expression
To investigate the relationship between sex-biased gene expression and the nematode X chromosome, we analyzed previously published mRNA-seq data from young adult males and females in each of the four Caenorhabditis species (Thomas et al. 2012 ; GEO accession no. GSE41367) and produced a similar data set for P. pacificus. The published data used C. elegans (fog-2) and C. briggsae (she-1) mutants, which lack XX spermatogenesis but produce otherwise normal developing female worms. Because a similar feminizing mutation was not available for P. pacificus, we used J4/young adult males and hermaphrodites of the wild-type California strain (PS312) and produced a comparable data set for wild-type C. elegans (N2) L4/young adult males and hermaphrodites. Expression values (FPKM) for each gene were calculated using Cufflinks (Trapnell et al. 2012) and differential expression was determined by DESeq (Anders and Huber 2010) .
For differentially expressed genes, we calculated the magnitude of sex bias as the log 2 ratio of expression between the two sexes (see Materials and Methods). In all five species, malebiased genes have a higher magnitude of bias compared to female-biased genes. Between 38 and 60% of male-biased genes are expressed at least eight times more in males than in females (Figure 2A) . Conversely, the majority of femalebiased genes have a less than twofold difference in expression between the sexes.
We categorized genes with high and low sex-biased expression using a log 2 sex expression ratio cutoff of 3 (see Materials and Methods). For each species and sex, we plotted the magnitude of sex bias against the overall expression levels ( Figure S1 ). Figure 2B shows the male/female expression ratio plotted against male expression (left) and female expression (right) for C. elegans (fog-2). As expected, genes that are highly sex biased have higher expression in the corresponding sex. Further, a large proportion of the high sex-biased genes have very low expression (FPKM ,1) in the opposite sex ( Figure 2B ). However, regression analysis revealed low correlation between magnitude of sex-biased expression and overall expression levels (for all species, R-squared values ranged between 0.01 and 0.38). This relationship between sex bias and overall expression levels is similar for the X chromosome and autosomes ( Figure S2A , Pearson correlation values between 0.6 and 0.9).
Overall tendency toward male-biased expression
Previous work on Caenorhabditis species noted a higher prevalence of genes with male-biased expression (Thomas et al. 2012) (Figure 3A ). Our analyses replicated these findings and indicated the same trend in Pristionchus worms. In all five species, the number of male-specific and male-biased genes is greater than the number of female-specific and femalebiased genes ( Figure 3B ). Overall, sex-biased expression is significantly more likely to be male-biased (P-value = 0.03 by paired t-test).
Compared to Caenorhabditis species, we identified fewer sex-biased genes in P. pacificus. (Figure 3B ). We noted that P. pacificus mRNA-seq data were collected from male and hermaphrodite populations while Caenorhabditis data came from male and female populations. We reasoned that the use of hermaphrodite worms, which produce both sperm and eggs, might have reduced our ability to call sex bias in P. pacificus. To test this, we compared sex-biased gene expression in C. elegans using data from wild-type (N2) hermaphrodites or fog-2 mutant females. More than 92% of the sex-biased genes identified in N2 were also identified as sex biased in the fog-2 mutant analysis ( Figure S3, A and B) . Overall, we identified 8388 genes as differentially expressed between C. elegans males and hermaphrodites. This was fewer than the number of sexbiased genes identified using fog-2 females (11,753) but substantially more than the number of biased genes identified in our P. pacificus analysis (2241). We concluded that the reduced number of sex-biased genes identified in the P. pacificus genome was not entirely due to the use of hermaphrodite worms. Figure 2 Distribution of the magnitude of sex bias (log 2 sex expression ratio) is different for male-and female-biased genes. (A) Differential expression was determined using DESeq, q-value ,0.05. Only genes with FPKM .1 in at least one sex were considered. Male and female expression was determined using cufflinks and reported as FPKM. Magnitude of sex bias was determined by taking the log 2 of the sex expression ratio. For each category, male or female, genes were binned by magnitude of bias. Percentage of differentially expressed genes contained within each bin is plotted on the y-axis. (B) For C. elegans (fog-2) the magnitude of sex-biased expression is plotted against the level of expression in males (left) and females (right). Dashed line indicates FPKM = 1. Percentages of high-sex-biased genes with low expression (FPKM ,1) in the opposite sex are indicated. Nonbiased genes are plotted in black. Male-biased genes are plotted in blue; female-biased genes are plotted in pink. Darker colors indicate high magnitude of bias. R 2 values between magnitude of bias and expression levels are indicated for each category.
We also noted that our P. pacificus data sets contained fewer mRNA-seq reads compared to C. elegans (fog-2). We randomly resampled the C. elegans (fog-2) reads to match P. pacificus and reanalyzed the distribution of biased genes. After resampling, we identified 11,484 sex-biased genes, slightly less than 11,753 genes identified before resampling ( Figure S3C ). The overlap of sex-biased genes was high: 5733 (97%) male-biased genes and 5555 (95%) female-biased genes were reidentified upon resampling ( Figure S3, D and E) . Thus, the reduced number of P. pacificus sex-biased genes was not a consequence of having fewer sequencing reads.
Gonad-specific genes show higher sex-biased expression Previous work in Drosophila indicated that gonadal tissues account for most of the sex-biased expression, both in number of genes that are differentially expressed between the sexes and in magnitude of bias (Parisi et al. 2004) . Using previously defined gene sets with somatic and gonadal expression in C. elegans (Spencer et al. 2011) , we found that sex-biased genes expressed in the soma have a lower magnitude of bias compared to sex-biased genes expressed in the gonad ( Figure 3C ). Genes with low sex-biased expression are composed of both gonad and soma-expressed genes. Highly sex-biased genes are largely gonad specific ( Figure S4A) .
In contrast to C. elegans, we observed that the majority of P. pacificus sex-biased genes had a log 2 sex expression ratio ,3 ( Figure 3D ). We can think of two possible explanations for this. First, it could be that Pristionchus gonads are less sexually dimorphic than those of Caenorhabditis. Alternatively, a delay in the timing of gonad development in Pristionchus young adults (compared to the Caenorhabditis species) could mean that our P. pacificus collections contained young adults without full gonadal expression. In C. elegans, sperm production begins just prior to the L4/adult molt and hermaphrodites switch to oocyte production within the first 2 hr of young adulthood (Kimble 1981; Kimble and White 1981) . In contrast, the first P. pacificus sperm are produced after the J4/adult molt. Hermaphrodite oogenesis does not switch on until 4 to 6 hr after this final molt (Rudel et al. 2005) ; thus young adults might not yet have full gonadal expression. Further experiments using older hermaphrodites are required to distinguish these two possibilities.
Demasculinization and feminization of the X chromosome
Genes with sex-biased expression tend to have nonrandom chromosomal distribution (Saifi and Chandra 1999; Wang et al. 2001; Khil et al. 2004; Lercher et al. 2003; Parisi et al. 2003; Ranz et al. 2003; Parisi et al. 2004; Reinke et al. 2004; Divina et al. 2005; Yang et al. 2006; Sturgill et al. 2007; Meisel et al. 2012a; Allen et al. 2013) . Microarray analysis of gene expression in C. elegans has shown the X chromosome to be both feminized (enriched for genes with female-biased expression) and demasculinized (depleted of genes with male-biased expression) (Reinke et al. 2004) . Consistent with this previous work, we found that only 4% (99/2317) of high male-biased genes are on the X chromosome in C. elegans (fog-2). This is significantly less than expected by chance (14% of all C. elegans genes are on the X chromosome, P-value , 1e-40 by Fisher test). Conversely, 23% (139/604) of the high female-biased genes are X linked, significantly more than expected (P-value ,3.2 e-7 by Fisher test). Figure 4A plots the percentage of genes on the X chromosome that show sex-biased expression for each of the five nematode species. In the Caenorhabditis species, highly sexbiased genes reveal a pattern of X chromosome demasculinization and feminization. Because those genes with high sex-biased expression are mainly expressed from the gonad, depletion of high male-biased genes from the X chromosome may be due to MSCI in the male germline.
Genes with low male-biased expression are enriched on the Caenorhabditis X chromosome. For C. elegans (fog-2), 19% (681/3495) of genes with low male-biased expression are on the X (significant enrichment over the 14% expected, P-value ,4.28 e-13 by Fisher test,), consistent with the predicted X accumulation of sex-biased genes (Rice 1984) . However, only 8% (430/5199) of genes with low female-biased expression are on the X, indicating a surprising depletion (P-value ,6 .9 e-24). One explanation for this observation is that the female benefit for these low-biased genes is not large enough to drive X accumulation. Female-biased genes are predicted to accumulate on the X chromosome only if the fitness cost to males is minimal. It could be that the fitness cost of having a single copy of these genes in males is greater than the fitness benefit to females.
Unlike high-male-biased genes, male-specific genes are not particularly depleted from the X chromosome ( Figure 4A ), nor is their expressions specific to the gonad ( Figure 4A ). In addition, expression levels of sex-specific genes are, on average, lower than those of sex-biased genes ( Figure 4B ) This suggests that these genes may be expressed only in a small number of sex-specific somatic cells. For example, among the set of identified C. elegans male-specific genes is ceh-7 (FPKM = 1.6), which encodes for a homeodomain transcription factor that is transcribed in cells around the rectum of the male tail (Kagoshima et al. 1999) . The observation that male-specific genes with low somatic expression are not depleted from the X chromosome suggests that X demasculinization is largely due to highly expressed male-biased genes avoiding MSCI.
We observed the X chromosome of P. pacificus to be significantly enriched for both male and female highly biased genes. In C. elegans, gonad-specific genes tend to be autosomal whereas somatic genes tend to be X linked ( Figure S4B ) (Reinke et al. 2000; Spencer et al. 2011) . The enrichment of both male and female-biased genes on the Pristionchus X might be due either to somatic bias in the data or to differences in regulation of X transcription between Pristionchus and Caenorhabditis.
Magnitude of sex bias differs between X and autosomes and between the sexes
We found that the magnitude of sex bias depends both on chromosomal location as well as on sex. For high-male-biased genes, the magnitude of sex bias is greater when the gene is autosomal ( Figure 4C ). Notably, in the two male/hermaphrodite data sets (P. pacificus and C. elegans, N2), the magnitude of male bias is similar for X and autosomal genes, suggesting that sperm production in hermaphrodites reduces the observable magnitude of autosomal male-biased expression. Overall, our analyses indicate that Caenorhabditis male-biased genes on the X chromosome tend to be more weakly biased than those located on the autosomes.
The opposite trend is true for high-female-biased genes ( Figure 4D ). Magnitude of female bias is greatest for those genes that are X linked. The overall trends were the same when we included all biased genes in the analysis ( Figure S4 , C and D). In summary, we found the nematode X chromosome to be There is a greater tendency toward male bias in all five species. Number of genes with male (blue) and female (pink) biased expression is plotted for each species. (C) Genes expressed in the gonad show higher magnitude of sex-biased expression. Lists of genes with gonadal and somatic expression were taken from Spencer et al. (2011) . Histogram shows the frequency of the magnitude of sex bias for gonadonly (dark green), soma-only (light green), and gonad and soma-expressed (gray) genes. Number of genes in each category is indicated. Red line indicates log 2 expression ratio of 3. (D) Distribution of magnitude of sex bias for P. pacificus and C. elegans YA worms. Absolute value of the log 2 sex expression ratio was calculated for all sex-biased genes. Histogram shows the frequency of the magnitude of sex bias for C. elegans (light gray) and P. pacificus (dark gray). Figure 4 Sex-biased genes are nonrandomly distributed between the X and autosomes. (A) Genes for each species were placed into one of seven categories: all genes, male-specific, high male bias, low male bias, low female bias, high female bias, or female specific (see Materials and Methods). For each category, percentage of X-linked genes is plotted. Number of X-linked genes is indicated below each bar. Significance of enrichment or depletion generally demasculinized and feminized with respect to both gene content and magnitude of bias.
Hermaphroditism and the preferential loss of autosomal male-biased genes Gonochoristic species C. remanei and C. brenneri have substantially larger genomes than the hermaphroditic C. elegans and C. briggsae (Barriere et al. 2009 ). Hermaphrodite genome shrinking may be linked to a phenomenon whereby autosomes carrying large deletions preferentially segregate with the X chromosome during male meiosis (Wang et al. 2010) . Previous work has also indicated that genes with high-sexbiased expression are preferentially lost in hermaphrodite lineages (Thomas et al. 2012) . We wanted to see if there was a difference between X and autosomes with respect to this gene loss. To do so, we generated a list of gonochoristicspecific orthologs composed of genes that have a one-to-one ortholog in C. brenneri, C. remanei, and a third gonochorite, C. japonica, but lack an ortholog in both C. elegans and C. briggsae (Table S4 ). Similar to the previous report (Thomas et al. 2012) , we found the set of gonochoristic-specific orthologs to be significantly enriched for genes with high male bias ( Figure 5A ). We also observed the set to be significantly depleted of X-linked genes, indicating that genes are preferentially lost from autosomes in the self-fertile species.
Because high-male-biased genes are significantly underrepresented on the X chromosome, we tested whether the tendency toward autosomal gene loss was simply a consequence of losing male-biased genes or if it reflected a true evolutionary difference between the X and autosomes. Among the highmale-biased genes, those that are gonochoristic specific are underrepresented on the X chromosome ( Figure 5B ). For example, in C. remanei, 6% of high-male-biased genes are on the X (177/2878), but only 2% (1 of 55) of male-biased gonochoristic-specific genes are on the X chromosome ( Figure  5B ). This result indicates that high-male-biased genes located on the X chromosome are better conserved among Caenorhabditis species, as further discussed below.
Conservation of chromosomal location and sex bias of one-to-one orthologs
Previous work comparing the C. elegans and C. briggsae genomes indicated substantial conservation of macrosynteny between the two organisms (Hillier et al. 2007) . Overall, 95% of one-to-one orthologs are located on the same autosome and 97% on the X chromosome in both species. To understand how evolutionary pressures that maintain macrosynteny of sexbiased genes differ between the X and autosomes, we compared the conservation of chromosomal location for genes with male, female, and nonbiased expression. From orthologous gene data downloaded from WormBase, we extracted a set of 5383 1:1:1:1 orthologs between the four Caenorhabditis species (Table S5) . We limited analysis to Caenorhabditis species because inclusion of evolutionarily distant P. pacificus to generate a 1:1:1:1:1 ortholog list greatly reduced the number of comparable orthologs. For male, female, and nonbiased genes, we determined the percentage of genes that had both a 1:1:1:1 ortholog and that also retained chromosomal location (X or autosome) across all four species ( Figure 6A ). For C. elegans and C. briggsae, we could compare each chromosome separately ( Figure S4E) . A high percentage indicates that most genes in the category are in single copy and remained on the X or autosome in all four Caenorhabditis species.
This analysis led to two main observations. First, genes on the X chromosome are better conserved compared to autosomal genes ( Figure 6A , compare left to right). In C. elegans (N2), there are 2835 X-linked genes. Among these, 1423 (50.2%) have an X-linked 1:1:1:1 ortholog in all four Caenorhabditis species. Conversely, among the 17642 autosomal genes, only 3797 (21.5%) have an autosomal 1:1:1:1 ortholog in the other species. Because one-to-one orthologs usually have the same functional role in both species (Altenhoff and Dessimoz 2009; Verster et al. 2014) , the observed high percentage of genes retaining X-linked single copy across the four Caenorhabditis species highlights the importance of conservation of X-linked genes. Second, genes with malebiased expression have higher incidence of conservation on the X chromosome than genes with high female bias. This observation agrees with a previous observation that malerelated genes on the X have significantly lower rates of protein evolution compared to those on the autosomes (Cutter and Ward 2005) . Lower conservation of female-biased genes on the X chromosome (with respect to both chromosomal location and copy number) may be due to greater functional pleiotropy of female-biased genes compared to male-biased genes Mank et al. 2008b; Mank and Ellegren 2009; Meiklejohn and Presgraves 2012) . If an X-linked femalebiased gene has a non-sex-biased role in many different tissues, there may be pressure to undergo gene duplication to allow one copy to carry out the sex-biased function and the other the pleiotropic functions (Maciejowski et al. 2005) .
Better conservation of male-biased gene expression on the nematode X chromosomes
We next compared conservation of sex-biased gene expression between C. elegans (fog-2) and each of the other four nematode species. Among the 742 high male-biased genes in C. elegans (fog-2) that have a one-to-one ortholog in C. briggsae, was calculated using Fisher test: (*)P-value ,0.05; (**)P-value ,0.001. (B) For C. elegans (fog-2), expression levels of sex-biased genes in each category are plotted. Male expression is plotted for male-biased genes (left three boxes) and female expression is plotted for female-biased genes (right three boxes). (C) Magnitude of male-biased expression (log 2 male over female expression) was calculated for each high-male-biased gene. X-linked genes are plotted in purple; autosomal genes are plotted in gray. Number of genes analyzed is indicated below each box. High-male-biased genes located on autosomes showed significantly greater magnitude of sex bias compared to those located on the X chromosome as calculated by t-test: (*)P-value ,0.01. (D) As in C, magnitude of female-biased expression (log 2 female over male expression) was calculated for each high female-biased gene.
474 (64%) also show high male bias in C. briggsae ( Figure S5A ). Conversely, only 32 of 164 (19.5%) C. elegans (fog-2) high female-biased orthologs also show high female-biased expression in C. briggsae. For orthologs with low-sex-biased expression, conservation is higher for female-biased genes.
Sex-biased genes often show greater amino acid sequence divergence than nonbiased genes (reviewed in Ellegren and Parsch 2007) . This relationship between sex bias and the rate of molecular evolution has been observed in Drosophila, C. elegans, and mammals (Torgerson et al. 2002; Cutter and Ward 2005; Khaitovich et al. 2005; Richards et al. 2005) . Although most of the previous studies focused on molecular evolution of sex-biased genes, recent studies in Drosophila have also indicated higher divergence of expression for male-biased genes, particularly for those located on the X chromosome Llopart 2012) .
To analyze expression divergence of sex-biased genes, we calculated the coefficient of variation (s/m) between species for each Caenorhabditis 1:1:1:1 ortholog. Unlike in the Drosophila studies, we did not observe higher divergence of malebiased gene expression ( Figure S5B ). Instead, we found that male-biased genes tend to have higher expression divergence in females, and female-biased genes have higher expression divergence in males. This suggests that sex-biased genes experience high selective pressure in the opposite sex (Jiang and Machado 2009 ).
Evaluation of the faster-X hypothesis based on gene expression
As it is present in only one copy in males, the X chromosome has a smaller effective population size compared to the autosomes, leaving it more susceptible to genetic drift (Avery 1984) . This, in combination with the unique selective pressures acting on the X in males and females, led to the prediction that adaptive evolution may proceed faster on the X chromosome [the faster X hypothesis (Charlesworth et al. 1987; Wu and Davis 1993; Orr 1997; Turelli 1998) ]. This hypothesis is supported by observations of higher rates of protein evolution for X-linked genes in both mammals and Drosophila (Thornton and Long 2002; Counterman et al. 2004; Lu and Wu 2005; Mikkelsen et al. 2005; Baines et al. 2008; Hvilsom et al. 2012; Kousathanas et al. 2013; Hu et al. 2013) . Notably, no such faster X evolution was observed when comparing nonsynonymous substitution rates between C. elegans and C. briggsae (Artieri et al. 2008) . However, adaptive changes in the genome frequently occur in cis-regulatory regions (Wittkopp et al. 2004; Schaefke et al. 2013 ) resulting in interspecies expression differences. Recent studies of gene expression evolution in Drosophila and mammals have found evidence of faster-X evolution in the form of greater divergence of X-linked expression across species (Brawand et al. 2011; Kayserili et al. 2012; Meisel et al. 2012b ). Figure 5 Evolution of hermaphroditism is linked to the preferential loss of autosomal-linked highly male-biased genes. (A) Gonochoristic-specific genes are enriched for genes with high male bias. Gonochoristic-specific genes were identified by taking the overlap of genes that had an ortholog in each of three gonochoristic species (C. brenneri, C. remanei, and C. japonica), but lacked an ortholog in two hermaphroditic species (C. elegans and C. briggsae). For C. brenneri (dark gray) and C. remanei (light gray), the percentage of gonochoristic-specific genes that are X linked, show high male bias, or show high female bias is plotted. The number of genes identified in each category is indicated in each bar. Significance of enrichment or depletion was calculated using Fisher test: (*)P-value ,0.05; (**)P-value ,0.001. From left to right: purple, blue, and pink lines demark the genome-wide percentage of X-linked, high-malebiased, and high-female-biased genes for C. brenneri and C. remanei respectively. (B) Gonochoristic-specific genes with high male bias are underrepresented on the X chromosome. Plotted is the percentage of high male-bias genes that are X linked. Gonochoristic-specific genes are plotted in dark gray. Numbers below each bar indicates the number of genes that are in each category. Significance of depletion was calculated using Fisher test.
To evaluate faster-X evolution of gene expression in nematodes, we compared expression correlation of 1:1:1:1 orthologs between the four Caenorhabditis species. Between any two Caenorhabditis species, we calculated the Spearman rank correlation coefficient (as in Brawand et al. 2011 and Meisel et al. 2012b) . In males, expression levels of orthologs on the X and autosomes are similarly correlated across species ( Figure 6B, left) . In females, X-linked ortholog expression is less correlated than autosomal ortholog expression ( Figure 6B right, P-value = 0.00046, by paired t-test: Figure  S5B ). This result suggests that female gene expression diverges faster on the X compared to the autosomes.
Lower correlation of X expression in females may be due to differences in dosage compensation across species. Although orthologs of C. elegans dosage compensation complex subunits have been identified in the three other Caenorhabditis species, female X expression divergence may be due to differences in DCC binding or downstream effectors. It is worth noting that male-biased genes located on the X chromosome are largely responsible for the observed female expression divergence. When we removed high-malebiased genes from analysis, female X expression correlation between species resembled autosomal correlation ( Figure 6C) , consistent with the observation that male-biased genes Figure 6 Conservation of orthologous gene expression across species. (A) On the X, male-biased genes are more likely to be conserved than femalebiased genes. For each species, genes were divided into three categories: male-biased (blue), female-biased (purple), and nonbiased (black). Within each category, we identified 1:1:1:1 Caenorhabditis orthologs that are located on the same chromosome (X, left) or autosome (right) in all four species. Xlinked genes have a higher tendency than autosomal genes to remain on the same chromosome and in single copy. Similarly, X-linked male-biased genes show greater tendency to remain in single copy compared to X-linked female-biased genes. (B) Correlation of 1:1 orthologous gene expression between Caenorhabditis indicates that X-linked expression is evolving faster in females. Between any two species, Spearman rank correlation of 1:1 orthologous gene expression was plotted for males (left) and females (right). As determined by bootstrapping, 95% confidence intervals are indicated. (CE, C. elegans; CBN, C. brenneri; CBR, C. briggsae; CRE, C. remanei). (C) High male-biased genes are removed from correlation analysis shown in B, right.
show high levels of expression divergence in females ( Figure S5B ).
Effect of X localization on gene expression
Ohno's hypothesis and the extent of X upregulation are currently being debated in the field. The unique gene content of the X chromosome makes it difficult to compare X and autosomal transcription (Deng et al. 2011) . In C. elegans, analysis is further complicated by germline repression of the X chromosome in young adult worms, which contain almost twice as many germline cells than somatic cells. As our data come from young adult worms, X chromosome repression in the germline explains the observation that overall X expression is lower than autosomal expression ( Figure 7A ). In support of this explanation, X and autosomal expression levels are similar in C. elegans worms lacking a germline (Deng et al. 2011) . To remove those genes whose expression may be repressed in the germline, we limited analysis to only highly expressed genes (upper quartile of expression values). In agreement with previous observations (Deng et al. 2011) , overall transcript levels of highly expressed genes are similar between X and autosomes in males and females ( Figure 7B ) and for each chromosome in C. elegans ( Figure 7C ).
To more directly test if the X chromosome is upregulated in males during the course of X evolution, we compared expression of one-to-one orthologs located on the autosome in one species and the X chromosome in another. Unfortunately, as reported above, macrosynteny among the Caenorhabditis species is high. Between C. elegans and each of the other three Caenorhabditis species, ,50 genes have changed chromosomal location between X and autosomes ( Figure S4F ). However, owing to a large chromosomal translocation event that occurred after their split, 466 genes have moved between X and autosomes in C. elegans and P. pacificus. Of these orthologs, 317 are expressed (FPKM .1) in the males of both species, which allowed us to analyze the effect of X and autosomal localization on gene expression. If the single male X chromosome is upregulated, there should be no difference in gene expression when the ortholog is differentially located on X and autosomes. To reduce any effects of sex bias on analysis of dosage compensation, we removed all genes with high sexbiased expression in either species. One-to-one orthologs that are similarly located (on either the X chromosome or on an autosome) are similarly expressed in both species ( Figure  8A ). For orthologs that are differentially located, expression is higher in the species where the ortholog is on an autosome. This result suggests that expression of the X-linked orthologs is not upregulated to match autosomal expression.
Orthologs of yeast haplo-insufficient genes are excluded from the X chromosome If X upregulation does not compensate for the single X in males, then selective pressure should move dosage-sensitive genes off of the X chromosome. Haplo-insufficient genes are dosage sensitive. A reduction in their gene copy number from two to one results in a significant reduction of overall fitness. Haplo-insufficient genes have been well characterized in Saccharomyces cerevisae and can be used to predict haplo-insufficiency in other metazoan species (de Clare et al. 2011) . Orthologs of yeast haplo-insufficient genes are excluded from the X chromosome in humans and C. elegans (de Clare et al. 2011) . Here, we found that this trend holds for the four other nematode species ( Figure 8B ).
Previous studies have noted two additional differences in the organization of gene content between the X chromosome and the autosomes in C. elegans. First, genes essential for early embryonic development are underrepresented on the X chromosome (Piano et al. 2000) . Second, 15% of all C. elegans genes are expressed within operons, which are underrepresented on the X chromosome (Blumenthal et al. 2002) . Underrepresentation of operons on the X is also observed in C. briggsae (Uyar et al. 2012) .
Our analysis of X chromosome gene content with respect to sex-biased gene expression supports a general trend whereby the nematode X chromosome is enriched for female-biased genes and depleted of male-biased genes. This observation holds for highly sex-biased genes, which are mainly expressed in the gonad, but not for genes with low-sex-biased expression, which are expressed in both the soma and the gonad. In the male germline the X chromosome is silenced, potentially driving movement of high-male-biased genes from the X and resulting in the observed demasculinization. In the soma, X chromosome transcription is more subtly regulated by dosage compensation mechanisms that do not restrain the accumulation of male-biased genes on the X. Since the distribution of sex-biased genes is generally conserved between the five nematode species, regulation of X chromosome transcription in the germline and soma may also be conserved. However, we noted differences in sex-biased gene expression and X chromosome content between C. elegans and P. pacificus, as well as a lower correlation of X chromosome gene expression in females between the four Caenorhabditis species. These observations suggest the existence of species-specific differences in the mechanisms that regulate X chromosome elegans and P. pacificus indicates higher expression of the autosomal ortholog. Log 2 male expression ratio (P. pacificus/C. elegans) is plotted for four groups of genes: autosomal in both species (gray), X-linked in both species (purple), autosomal in P. pacificus and X in C. elegans (dark blue), X in P. pacificus and autosomal in C. elegans (light blue). Number of genes in each category is indicated below each bar. (B) Haplo-insufficient genes are excluded from the X chromosome. Orthologs of yeast haplo-insifficient genes were identified in each of the five species (Table S7 ). The percentage of orthologs that are on X (purple) and autosomes (gray) is plotted. Numbers above each bar indicate the number of haplo-insufficient 1:1 orthologs identified.
transcription. Our analyses indicate that monosomy of the X chromosome is an important player in shaping X chromosome gene content. While similarity of overall transcript levels from the X and autosomes support X chromosome upregulation, a shortage of haplo-insufficient genes and lower expression of differentially located X-linked orthologs suggests that potential mechanisms of X chromosome upregulation do not act on every X-linked gene. Figure S3 A) Sets of male and female-biased genes were determined individually using C. elegans (N2) (male-hermaphrodite) and (fog-2) (male-female) data. Sex-biased genes (including sex-specific genes) are those called differentially expressed by DESeq (q value < 0.05) and with FPKM > 1 in at least one sex. Overlap of male-biased genes is plotted. B) Same as in A but overlap of female-biased genes is plotted. C) C. elegans (fog-2) mapped reads were resampled to match the number of mapped reads in P. pacificus. Using the resampled data, we identified genes with sex-biased expression. Plot indicates the number of genes with high male and high female-bias (log2 sex expression ratio > 3) for the resampled data (left) and for the original C. elegans (fog-2) data. D) Overlap of high male-biased genes in the original and the resampled C. elegans (fog-2) data. E) Same as in D but for high female-biased genes. Figure S4 A) C. elegans genes were grouped into genes expressed in gonad and soma (gray), soma-only (light green), and gonad-only (dark green). For each category, the percentage of genes that fall into the indicated sex-bias category is plotted. Significance by Fisher test: (**) indicates p value less than 0.001. B) For each expression category the percentage of genes located on the X chromosome was plotted. Significance of enrichment or depletion was calculated using Fisher test: (*) indicates p value less than 0.05; (**) indicates p value less than 0.001. Number of X-linked genes is indicated at the bottom of each bar. C) As in Figure 4C , magnitude of male-biased expression (log2 male over female expression) was calculated for each C. elegans vs C. briggsae male-biased gene. Here, bias magnitude of male-biased genes is plotted. Number of genes analyzed is indicated below each box. D) Same as C, but for all female-biased genes. E) In Figure 6A we used a defined set of 1:1:1:1 orthologs to determine locational conservation of biased and unbiased genes. Here we define a set of 1:1 orthologs between C. elegans and C. briggsae. This less stringent definition of orthology gave a larger list of genes, and all chromosomes could be evaluated individually. The number of 1:1 orthologs located on the same chromosome was calculated. For each chromosome, the conservation is plotted as the percentage of C. elegans genes that have a 1:1 ortholog in C. briggsae located on the same chromosome. F) Macrosynteny is high amongst the Caenorhabditis species. Between C. elegans and each of the other four species, the number of 1:1 orthologs that remain autosomal (grey), remain X-linked (purple) or move between X and autosomes (dark blue) in the two species are plotted. 
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